The sensitivity of a diffusive energy balance model that contains a simple ice sheet is compared with that of a model with snow cover only. The effect of the elevated ice sheet surface on the radiative cooling is calculated by using a radiative transfer model. Because the temperature in the atmosphere decreases with height, the main effect of the ice sheet elevation is to reduce the outgoing infrared radiation. This reduction in the radiative cooling decreases the sensitivity of the ice sheet size to changes in the solar constant by partially counteracting the albedo feedback. For a reasonable choice of parameters, this effect can reduce the strength of the albedo feedback by a factor of 2.
INTRODUCTION
Zonally averaged energy balance models have received much attention since they were introduced by Budyko [ 1969] and Sellers [1969] . One reason is that the extent of permanent snow cover in their models is very sensitive to changes in insolation. Budyko and Sellers both found that a reduction in the solar constant of only --•2% was sufficient to cause a completely ice covered earth. This large response for a small change in solar constant is caused by albedo feedback, which operates in the following way. If the solar constant is reduced slightly, the result is a small cooling and an increase in the amount of snow cover. The snow, with its higher albedo, reflects more sunlight, leading to further cooling and a further increase in snow cover, thus amplifying the effect of the reduction in solar constant. The strength of the amplification depends in part on the relative albedos of snow-free and snow-covered areas. The larger the difference in albedos, the greater the reduction in solar heating when the snow cover expands. If the albedos of snow-covered and snow-free areas were the same, there would be no albedo feedback. The albedo feedback has recently been discussed in a number of papers, most of which conclude that the effect is significant, but not as large as in the Budyko or Sellers models. For a review of energy balance models and a discussion of albedo feedback, see North et al. [1981] .
Models have also been developed to study the relation between ice sheets and climate, beginning with the studies of ice sheet dynamics by Weertrnan [1961, 1962, 1976] . Other climate models that include the cryosphere have been proposed [Kiillen et al., 1979; Sergin, 1979] , including a diffusive energy balance model with a highly simplified continental ice sheet [Pollard et al., 1980 ] and a diffusive model with a power flow law ice sheet model [Birchfield et al., 1982] . These models are improving understanding of the causes of the Quaternary ice ages. For this reason it is important to understand the effect of ice sheets on the model response before attempting to simulate the historical record of the ice ages.
The purpose of this paper is to discuss the sensitivity of an annual mean diffusive energy balance model which includes a large ice sheet. In the model proposed here, the presence of the ice sheet affects only the infrared cooling parameterCopyright 1982 by the American Geophysical Union.
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ENERGY BALANCE MODEL
The energy balance equation for annual mean insolation forcing can be written
D d dT(O) --cos 0• = -Qs(O)a[T(O)] + E[T(O)] (1) cos 0 dO dO
This model is the same as that of North [ 1975] . The physical processes incorporated in the model are shown schematically in Figure 1 . The dependent variable T is the zonal mean sea level temperature, which is a function of latitude 0. The left-hand side of (1) is the convergence of the meridional heat flux. The heat flux is parameterized as the product of a constant thermal diffusivity D and the meridional temperature gradient dT/dO. This diffusive approach has been used in many energy balance models. The diffusive parameterization is used here for simplicity and for compari- To establish the infrared cooling parameterization, it is necessary to know the outgoing infrared irradiance at the top of the atmosphere, E. There are two methods for determining E. The first is to measure E in situ by using satelliteborne radiometers. The second is to calculate E directly by using a radiative transfer model. In either case, E is regressed against surface temperature to find the coefficients a and b. Different approaches to using the satellite data can be found in Held and Suarez [1974] , Cess [1976] , and Oerlernans and van den Dool [1978] . This type of parameterization has been used in most one-level energy balance models. If ice sheets are included in energy balance models, however, the height of the ice sheet, which may be several kilometers, may have a significant effect on the radiative cooling. It is difficult, however, to determine the explicit dependence of the radiative cooling on the surface elevation from the satellite data alone. Oerlemans and van den Dool found that using surface temperature was a better way to predict E than using sea-level temperature, but the number of points at high elevations was small. Using a radiative transfer model allows one to vary temperatures and surface elevation independently. The calculations described below The climatological temperature profile is perturbed as shown in This implies that part of the ice sheet must lie in the accumulation zone and part must lie in the ablation zone, equatorward of the equilibrium line. Therefore, the ice sheet edge must be equatorward of the equilibrium line; that is, 00 < 0e. All other factors being equal, an ice sheet in equilibrium would be larger than a permanent snow field by an amount equal to the ablation zone of the ice sheet. Two simple methods for parameterizing the size of the ice sheet suggest themselves. One is to place the equilibrium point 0e at a given temperature; the other is to place the ice margin 00 at a given temperature. The latter approach has been adopted for this model. There is no reason to expect that the value of To determined from snow cover observations will be appropriate for an ice sheet. Affixing the ice sheet edge to an isotherm means that the ice sheet size is determined in exactly the same way as snow cover area. This is a useful and simple approximation, and will make the model with the ice sheet identical to that with snow cover, except for the radiative cooling parameterization. Therefore, the edge of the ice sheet lies at the -10øC mean annual isotherm. This has been done to isolate the influence of the infrared cooling parameterization on the sensitivity of the model.
Oerlernans [ 1980] proposed a model in which the equilibrium point 0e is affixed to an isotherm. Assuming a form for the mass balance of the ice sheet he finds the latitude of the ice sheet edge 00 is proportional to 4/3 0e. The factor of 4/3 amplifies the albedo feedback, increasing the sensitivity of the model. This may explain why using the surface temperature in his radiative cooling parameterization did little to change the sensitivity of his model.
In the model described in this and the previous section the meridional flux of heat is computed from the meridional gradient of sea-level temperature. With the assumption of a constant lapse rate this is equivalent to computing the meridional heat transport from the gradient of the midtropospheric temperature. The mid-tropospheric temperature gradient may be a more reasonable parameter to think of as controlling the heat transport through baroclinic instability processes.
In where D is a tridiagonal matrix. Fixing Q, one must find the value of 00 such that T(0o) = To. In practice it is easier to fix 00 and iterate to find the Q consistent with the ice line temperature. This method finds both stable and unstable equilibria.
The following values were used for the parameters. 
CONCLUSIONS
The interactions between climate and large ice sheets are not well understood. Diffusive energy balance models are a good tool for exploring the processes and feedbacks operating in the climate system. In the model proposed here, one new feedback from the ice sheet to the atmosphere is included: the effect of the height of the ice sheet on radiative cooling by the atmosphere. Another significant factor may be the mass budget of the ice sheet. Important feedbacks may exist between the size of the ice sheet, the atmospheric circulation, and the precipitation and ablation at the ice sheet surface. These processes have not been considered here. Instead, the ice sheet is assumed to behave exactly like snow cover. If temperature is the most important factor controlling the size of the ice sheet, the parameterization used here should be useful. A more realistic parameterization of the ice sheet size will require consideration of the mass budget of the ice sheet. Including a mass budget for the ice sheet will require a climate model that has a snow budget.
The effect of the height of the ice sheet on the radiative cooling by the atmosphere has been calculated by using a radiative transfer model. This approach allows greater flexibility than by using satellite observations of the upward IR flux, but significantly different results are obtained depending upon the assumptions made about cloud distributions and lapse rate. The height effects can be put into a diffusive energy balance model using a simple linear parameterization for the radiative cooling as a function of temperature with height dependent coefficients.
The sensitivity of the snow line in an energy balance model has been described before [Held and Suarez, 1974; and North, 197 the absorptivity of the snow-covered area (the ice sheet). This will reduce the effective difference in absorptivity between the snow-covered and snow-free areas. Reducing the absorptivity difference or including the height effect will reduce the sensitivity of the snow line to changes in the solar constant. The other effect of the height is to increase the value of b, the radiative cooling parameter. This will also lead to a more stable model. The height effect can reduce the sensitivity by a factor of 2 or more and should not be neglected when studying the sensitivity of climates with large ice sheets.
APPENDIX
The form of the temperature perturbation may have a large effect on the relationship between outgoing IR irradiance at the top of the atmosphere and the surface temperature. As an example, if the temperature perturbation is constant with height, the perturbed temperature profiles will be those shown in Figure 9 . Calculations were done by using this perturbation for both cloud parameterizations discussed in section 2. The resulting regression coefficients are listed in Table 2 . Using this perturbation, cloud top temperatures will increase the same amount as the surface temperature. The radiation emitted by clouds will therefore increase more for a The climatological temperature profile is perturbed as shown in Figure 9 .
given change in the surface temperature than when using the perturbation shown in Figure 4 . The coefficient b is therefore larger in every case than those listed in Table 1 . In both cloud treatments a increases with height because cloud tops are considerably warmer for the same surface temperature. For the case with clouds at constant pressure levels b does not change as much as with the other perturbation because the total radiation does not depend as much on changes in the surface temperature: temperatures are getting warmer or colder everywhere.
These values of b are even larger than those calculated from satellite observations. A coefficient of this magnitude would tend to make the energy balance model much less sensitive than in the case discussed in section 2.
